A Recirculating Electron Accelerator (ELFE) using the LEP Super-Conducting RF Cavities by Geschonke, Günther & Keil, Eberhard
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH
CERN SL/98-060 (RF)
A Recirculating Electron Accelerator (ELFE)
using the LEP Super-Conducting RF Cavities
Gu¨nther Geschonke and Eberhard Keil
Abstract
A rough conceptual design is proposed for a continuous beam electron
accelerator with an energy of 25 GeV and a beam current of 150 A.
This machine makes use of the super-conducting RF system and other
components which will become available after the decommissioning of





The European nuclear physics community has recently published a report about future
options for nuclear physics [1, 2]. One of the recommendations for future research
facilities is an electron accelerator providing a quasi continuous electron beam with an
energy of about 25 GeV, ELFE, an Electron Laboratory For Europe [3]. In this report a
possibility to build such a machine is studied, making use of the LEP super-conducting
RF system, which will become available at the beginning of 2001 when LEP will be
shut down and all the LEP equipment will be removed from the accelerator tunnel. We
use the acronym ELFE for this machine.
The proposed machine is a recirculator similar to the one in operation at the Thomas
Jefferson Laboratory (CEBAF) with an energy of about 25 GeV and a beam current of
about 150 A on target. The design goals are an unnormalised emittance   10 nm





The aim of this report is making it plausible that such a recirculating linear ac-
celerator can be built with much of the super-conducting RF system of LEP, and to
encourage further detailed design studies.
2 LEP RF SYSTEM
In this section we summarise the main parameters of the available components of the
super-conducting LEP RF system [4]. The RF frequency is 352.2 MHz. The RF
power is produced by 44 high power cw klystrons with a power rating of 1 to 1.3 MW
each, especially developed for high efficiency of up to 65 %. Power converters with
4 MW AC power feed two klystrons each. The RF power is transported to the cavities
via waveguides and a symmetric splitting arrangement of three splitting stages using
magic T’s.
The majority of LEP super-conducting cavities are made of Copper, sputter coated
with a thin layer of Niobium. The original specification required an operating gradient
of 6 MV/m at a Q
0
value of 3:2  109. In order to achieve the maximum possible
beam energy in LEP, to be reached during the year 1999, a programme was launched
to raise the useful gradient to near 7 MV/m, making use of pulse power processing,
He-processing, equalisation of cavity fields, etc. [5]. During commissioning of the
RF system in 1998 an average gradient of 6.8 MV/m has already been achieved. In
1998 and the following shutdowns efforts will continue to improve the performance
further such as to make this gradient available for stable operation with beam. All
these procedures have to be done under the constraints of in situ processing in the
LEP tunnel. Sixteen cavities are prototypes of the solid Nb type, which are running
stably at their design gradient of 5 MV/m. The accelerating voltages of the system are
summarised in Tab. 1.
With these parameters the super-conducting cavities can provide a total accelerat-
ing voltage of 3373 MV. Higher gradients might be achievable after demounting from
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Table 1: Parameters of LEP super-conducting RF Cavities
Number Gradient Total accelerating field
Cu/Nb 272 7 MV/m 3237 MV
Solid Nb 16 5 MV/m 136 MV
LEP and refurbishing cavities with reduced performance. The room temperature cop-
per system is also available, consisting of 128 accelerating cavities which produce a
nominal accelerating field of 330 MV.
For the purpose of this report, we assume a total accelerating voltage of 3500 MV.
3 ELFE LAYOUT
We envisage ELFE to be of racetrack shape. One of the long straight sections contains
the accelerating RF system. Injection happens at the upstream end, ejection at the
downstream end of this long straight section. An alternative is to install half of this RF
system each in the two opposite long straight sections. The energy gain in a pass is
3.5 GeV. Six arcs at either end join the two straight sections. The beam passes through
the arcs at energies 4, 7.5, 11, 14.5, 18 and 21.5 GeV. There may be either one or
six beam channels in the long straight section opposite from the RF system, with or
without a beam splitting system at either end, similar to that in the long straight section
with the RF system. Tab. 2 shows the overall parameters.
Table 2: ELFE Parameters
Top energy 25 GeV
Beam current on target 150 A
Injection energy 0.5 GeV
Number of passes 7
Energy gain per pass 3.5 GeV
Relative rms momentum spread 3:5 10 4
Emittance 10 nm
Bunch repetition time on target 2.8 ns
4 MOMENTUM SPREAD
The relative momentum spread of 
e
 3:5 10
 4 is quite demanding. In this chapter
various contributions from the RF system are estimated. All these effects cause both




as an energy offset of the centre of gravity of the bunches, the relative value of which
is 
e
. Both these values are estimated in the following up to second order of bunch
length s and tuning angle  .
4.1 Bunch Length
The bunches are accelerated at the crest of the sine wave. The maximum relative
































. The energy offset is constant in time. For
LEP conditions this bunch length would be unacceptably short, because of problems
with Higher Order Mode (HOM) couplers, and RF pick-up cables in the cryostats. The
Higher Order Mode power P
HOM









with k being the loss factor of the structure in question, i the total DC current, and
f
b
the bunch repetition frequency. The HOM power generated by the ELFE beam of
1.05 mA is only 7:7  10 6 of that in LEP with a beam of 6 mA for the same loss
factor. The loss factor depends on bunch length and is not more than a factor of 10
higher at 3 mm than at 8 mm. Therefore no problems are expected from Higher Order
Modes.
4.2 Cavity field oscillations
A change of a cavity’s geometry due to mechanical movements of it’s walls is asso-
ciated with a variation of the cavity resonant frequency. Since the cavities are driven
with a fixed RF frequency, this leads to a change of the cavity field amplitude and of
the RF phase between the RF generator and the cavity by the tuning angle  . The








is the field at resonance. This changes the energy gain of the centre of
gravity of the bunches as well as the energy distribution over the bunch. This can be










Three sources of cavity oscillations play a role in LEP:
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1. Beam current dependent ponderomotive oscillations are caused by coupling be-
tween stored RF energy and mechanical oscillations of the cavities at a resonance
of the cavities at about 100 Hz. The oscillations occur when the cavities are
driven off resonance. This happens at high beam loading, when the tuning sys-
tem changes the tuning angle in order to keep the cavity impedance real. Since in
the linac the bunches are accelerated on the crest of the wave, the detuning angle
vanishes and the cavities are always at resonance. Ponderomotive oscillations are
therefore not expected to be a problem.
2. Thermo-acoustic oscillations. The major source of thermo-acoustic oscillations
has been identified and cured by filling up oscillating volumes in the He supply
circuit. The residual jitter on some cavities is still 5 degrees peak-to-peak. How-
ever, with hardware modifications not possible in the LEP tunnel, it should be
possible to suppress them completely.
3. Pressure oscillations, noise and mechanical vibrations. Pressure oscillations are
slow and can easily be tuned. Coupling to other sources of oscillations has never
been a problem in LEP.
The cavities are equipped with a tuning system, making use of a slow thermal tuner
and a fast (several Hz) magneto-strictive system. The residual phase jitter is of the
order of about 5 degrees peak-to-peak. Equations (4) have been applied to a bunch of
rms length 3 mm, assuming an even distribution of the phase errors with 2.5 degrees
maximum. This gives 
e
= 9:6  10
 4 and 
e
= 5:7  10
 4
. The oscillations are
incoherent from cavity to cavity, such that the overall effect on the energy distribution





The rather high maximum energy offset can be reduced with the vector sum RF
feedback system described in 4.4 and with the energy feedback proposed in 4.5. With









4.3 RF amplitude and phase control
Another source of energy variations from bunch to bunch come from power and phase
errors of the RF power delivered to the cavities.
4.3.1 RF PHASE


















All klystrons are fed by one master oscillator via a phase stable reference distribution.
In LEP this is done via optical fibres with an active phase stabilisation system, pro-
viding a stability of the order of 2.5 degrees. The phase around the klystrons and the
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waveguide distribution is kept constant by means of a control loop to an error of about
one degree. Assuming an even distribution of errors with a total maximum of three







. For incoherent errors of the 18
RF stations (16 cavities each) we get 
e
= 2:6  10
 4
. Better performance requires
further developments.
4.3.2 AMPLITUDE CONTROL OF RF POWER
The stability of the cavity amplitudes is directly proportional to the energy offset for
coherent errors. The modulation of klystron power with multiples of the mains fre-
quency will have to be suppressed. Developments are needed to achieve the required
precision.
4.4 RF feedback on vector sum of cavity fields
The fast vector sum feedback, developed for LEP, can control amplitude and phase
of the accelerating voltage seen by the beam for a group of 16 cavities fed by one
klystron to about one degree, which is sufficient, assuming that the oscillations are
incoherent. The amplitude precision is only about one %. For better performance
more developments are needed.
4.5 Feedback on beam energy
In view of the contributions to the relative momentum spread of the beam mentioned
above, it looks difficult to achieve the target value. We therefore propose to use a
measurement of the beam energy to feed back on the amplitude and phase of some RF
stations. This spectrometer should be able to measure both the energy of the centre of
gravity of the bunches, as well as the width of the energy distribution inside the bunch.
Such a spectrometer could either be a dedicated instrument or integrated into the beam
lines.
5 RF POWER
For a DC current of 1.05 mA the coupling factor of the power coupler for optimum
power transfer to the beam requires an external Q-factor Q
L
= 2:2 10
7 at 7 MV/m.
This results in a loaded cavity bandwidth of only 15 Hz, which makes tuning of the





. The RF power per cavity at 7 MV/m and 1.05 mA
is then 22.1 kW, out of which 10.7 kW are transferred to the beam, while 11.4 kW
are reflected back to the klystron. The total RF power required is 6.4 MW, which
results in a wall plug power of 10.6 MW, assuming an overall efficiency of 60%. The
available klystrons have a specified output power of 1 MW. This allows to power 16 or
even 32 cavities from one klystron, with ample reserve. The layout of the waveguide
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distribution system is shown in Fig. 1 for 16 cavities per klystron. The first 2 splitting
stages are done with magic Ts, the remaining splitting to 4 cavities each is done with a
linear arrangement with waveguide directional couplers with coupling ratios adjusted
such as to provide equal power to all cavities.
Figure 1: Schematic layout of the waveguide distribution system
6 MODIFICATIONS TO CAVITIES BEFORE REUSE
The LEP power couplers are adjusted to an external Q value Q
L
= 2  10
6 to match
the cavities to the LEP beam current. As shown in chapter 5, for reasons of RF power
consumption the coupling factor of the RF power couplers has to be modified. This
can be done by withdrawing the inner conductor of the couplers by several cm, an
operation which requires opening the beam vacuum and inserting a spacer into the
outer conductor. This is a relatively simple operation. However, it must be done in a
clean room, as any operation involving the cavity beam vacuum. The relatively small
change in Q could alternatively be achieved with transformer plates in the waveguides
in front of the cavities.
Some of the cavities which are limited in performance will have to be refurbished
after removal from the tunnel. This might require high pressure water rinsing, probably
new sputter coating of the inner surface and repair or replacement of deteriorated com-
ponents. Based on present LEP experience, we expect that no more than 5 to 10 % of
all cavities will need repair. Conditioning to higher gradients, using pulse processing
and He-processing can be done in dedicated test stands, wherever necessary.
7 CRYOGENIC REQUIREMENTS
The LEP cavities are operated at a temperature of 4.5 K. The static thermal loss of each
module is 80 W. Together with all connections, transfer lines and warm gas return for
tuner cooling, the total effective static loss in LEP has been measured to be 170 W at
4.5 K on average per module. The dynamic RF loss due to wall losses caused by RF




is assumed. This brings the total required cooling power to about 700 W per module
7
at nominal accelerating field. Hence, a total cooling capacity of 50 kW at 4.5 K is
required. This cryogenic power must be provided by a new cryogenic plant since the
LEP plant will be used for the LHC.
8 INJECTION
We need an injected beam for ELFE that is essentially continuous. We propose three
injectors in cascade, similar to MAMI at the University in Mainz [6] with maximum
energies 3.455, 14.35, 179.5 and 854.6 MeV, or the IASA microtron at the University
of Athens [7] with maximum energies 6.5, 42.3 and 246.7 MeV:
 A cw linear accelerator operates at 8  352 = 2816 MHz and accelerates to
5 MeV. It might follow the design principles of the injection linacs for MAMI [8]
or the NBS-LANL microtron [9].
 A first racetrack microtron accelerates from 5 to 50 MeV.
 A second racetrack microtron accelerates from 50 to 500 MeV.
A factor of ten between input and output energy in a microtron appears reasonable.
Several racetrack microtrons have operated in the energy range envisaged (cf. [10] and
Tables B1 and B2 in [11]). A beam chopper is needed early in the injection system
that lets pass only bunches at the correct bunch spacing for the 352 MHz RF system of
ELFE.
9 OPTICS
In this chapter, we present a rough conceptual design of the optics in the arcs and
straight sections.
9.1 Arcs
The arcs are essentially isochronous periodic focusing and bending channels, made
non-dispersive where they join the straight sections. This goal can be achieved in
two ways: (i) The arcs consist of isochronous and non-dispersive modules [12]. (ii)
The arc consist of isochronous dispersive modules, arranged such that the dispersion
vanishes at the junction with the straight sections. We base our discussion on style (i)
arcs, although style (ii) arcs may be more compact. Fig. 2 shows the orbit function
in a typical isochronous non-dispersive module. The bending and focusing in these
modules is determined by the desired energy spread and the desired emittance. The
equilibrium values of the relative energy spread 
e
and of the unnormalised horizontal
emittance 
x




for synchrotron and horizontal betatron
oscillations are easily obtained from the beam optics program MAD [13] that we use
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for the design of the arc modules. These quantities scale with the beam energy E, the
length L
m
of the module and with their number N
m
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isochronous and non-dispersive arc module




















Here T is the time of passage through the arc [14]. Combining the scaling laws (6) and









































Using the desired emittance and rms energy spread in Tab. 2, we can solve (8) and (9)




of the modules in the arc with the highest energy,
21.5 GeV. We find
L
m
= 67:4764 m! 68 m (10)
N
m
= 13:5305! 14 (11)
The energy spread 
e




, while the emittance
growth 
x
determines the number of the modules N
m
. We slightly underestimate
energy spread and emittance, caused by quantum excitation, because we neglect the
contributions of all except the final arc. Tab. 3 gives the arc parameters. With the
rounded values, the circumference of the full 2 arc is C = 952 m. The maximum
integrated gradient is slightly larger than that of the quadrupoles in LEP. The MQA
quadrupoles have GL
Q
= 21:8 T, the MQ quadrupoles GL
Q
= 15:2 T [15].
Table 3: Parameters of the 21.5 GeV Arc
Number of modules N
m
14
Length of module L
m
68 m
Circumference C/m 952 m
Minimum bending radius  56.9 m
Maximum dipole field B 1.26 T
Maximum integrated quadrupole gradient GL
Q
23.4 T
Maximum horizontal -function 
x
630.6 m



















In addition to the dipoles and quadrupoles, the arcs need beam position monitors,
orbit correction dipoles, etc. We do not discuss these items.
9.2 Straight Sections
The focusing in the two long straight sections, with and without the super-conducting
RF system, is done with a regular FODO lattice at constant gradient. The length of a
FODO cell L
c
= 51:6 m is adapted to the length of the RF modules. The gradients
of the quadrupoles are adjusted such that the phase advance in a cell at the injection
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energy is 2=3 in both planes. Tab. 4 shows the parameters of the straight section
cells. The quadrupole strengthGL
Q
is much smaller than that of the LEP quadrupoles.
Therefore they should not be wasted for focusing in the straight sections.
Table 4: Straight section cell parameters






Tab. 5 shows the orbit functions for the seven passes. The phase advance =2
decreases and the maximum -function ^ increases with the energy. Fig. 3 shows the
periodic orbit functions in a FODO cell of the straight sections during the first and last
pass.
Table 5: Orbit Parameters in Straight Section Cells. The energy E is taken at the
entrance of the straight section. The phase advance =2 and the maximum value of
the -function ^ are calculated for the first cell, ignoring acceleration. They are the
same in both planes.
Pass no. E/GeV =2 ^/m
1 0.5 .333333 110.2
2 4.0 .034528 265.4
3 7.5 .018389 473.1
4 11.0 .012534 681.4
5 14.5 .009508 889.8
6 18.0 .007659 1098.3
7 21.5 .006412 1306.7
Between successive passes through the straight sections, the beam radius shrinks
because of the adiabatic damping of the betatron oscillations and grows because of
the quantum excitation, which increases with the fifth power of the energy E (cf. (9)).
Hence the beam radius ^ is largest during the last pass. For an unnormalised emittance

x
= 10 nm at 25 GeV, it becomes ^ = 3:898 mm, assuming that the -functions are
matched between arcs and straight sections.
9.3 Other Optical Modules
In addition to the optical elements in the long straight sections and the arcs, the recircu-
lating linac needs beam splitters and beam combiners between the straight sections and
the arcs. Their function is splitting and combining the beams, and matching the optical
functions between the common straight section and the individual arcs. Phase trom-
bones or chicanes are needed for fine adjustments of the path lengths in the individual
arcs.
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in a FODO cell for the
first (left) and last (right) pass. Note the suppressed zero in the right graph.
10 CONCLUSIONS
In this report we present a rough conceptual design of a recirculating linear electron
accelerator ELFE with a maximum energy of 25 GeV that uses the existing super-
conducting RF system of LEP. Its overall parameters are shown in Tab. 6. We discuss
the adaptations of the RF system needed to make it suitable for ELFE. We note that
a relative momentum spread 
e
 3:5  10
 4 is a challenge, and discuss the steps
needed to meet it. We develop a concept of the optical layout in the arcs and straight
sections. The tunnel for ELFE is a racetrack with rough dimensions 1300  300 m2
with the linac in one straight section, and 800300 m2 with the linac split between the
two straight sections. The neighbourhood of the SPS North Area is a possible location.
Considering CERN as a site for ELFE is attractive, because the RF system of LEP
and all optical components, in particular the quadrupoles, will become available after
the LEP shutdown. Infrastructure and expertise for refurbishing RF cavities and in-
stallations for conditioning them to higher gradients exist. These facts should result
in considerable cost savings, compared to building ELFE from scratch. A new cryo-
genics plant is needed, since the existing one will be used for the LHC. Also new are
the injector chain, consisting of a 5 MeV cw linear accelerator and two racetrack mi-
crotrons, the dipoles in the arcs, the quadrupoles in the straight sections, and various
pieces of ancillary equipment.
If the nuclear physics community in Europe gets interested in ELFE at CERN,
our report may be used as a basis for more detailed studies in collaboration with the
prospective users.
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Table 6: ELFE Parameters
Beam Parameters
Beam energy 25 GeV
Beam current 150 A on target
Injection energy 500 MeV
Emittance (unnormalised) 10 nm
Energy spread 3:5 10 4
RF
RF frequency = bunch repetition rate 352.2 MHz
No. of SC cavities 272 Cu/Nb + 16 Nb
No. of RF modules 72
Gradient 7MV/m Cu/Nb, 5 MV/m Nb
Number of klystrons 18
Total RF power 6.4 MW
Wall plug power for RF 10.6 MW
Layout
Linac length 986 m
Number of recirculations 6
Diameter of arcs 303 m
No. of passes 7
Cryogenics




Static load (modules, transfer lines,
connections, control) 170 W/RF-module
Total heat load 702 W per RF module
Total cryo power 50 kW
Cryo power factor 225 W/W@4.5K
Cryo wall plug power 11.25 MW
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